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Abstract:
Maurotoxin (MTX) is a 34-mer scorpion toxin cross-linked by four disulphide bridges that acts on various K + channel types. It folds according to an α/β scaffold, i.e. a helix connected to a two stranded β-sheet by two disulphide bridges. In a former study, various parameters that affect the oxidation and folding of the reduced form of synthetic MTX were investigated in vitro. It was found that MTX achieves its final 3-D structure by evolving over time through a series of oxidation intermediates, from the least to the most oxidised species. MTX oxidative intermediates can be studied by iodoacetamide alkylation of free cysteine residues followed by mass spectrometry analysis. Here, we have analysed the effect of Cu 2+ on the kinetics of MTX oxidative folding and found that it dramatically speeds up the formation of the four-disulphide bridged, native-like, MTX (maximal production within 30 minutes instead of > 60 hours). Cu 2+ was also found to prevent the slow transition of a three disulphide- -activated K + channels [1, 3, 5, 6] . Previous studies have evidenced the relationship that exists between disulphide bridging, 3D-structure and spatial distribution of toxin amino acid residues key to pharmacology [6] [7] [8] . To gain its full pharmacological activity, the reduced form of chemically produced MTX needs to undergo a full process of folding and oxidation in vitro [9, 10] . Small but highly reticulated peptides, such as MTX, possess ideal characteristics to investigate peptide folding and oxidation. First, large quantities of MTX can be obtained by chemical synthesis. Second, chemically produced MTX can be directly recovered in its reduced and unfolded state after final acidolytic treatment.
It requires an appropriate folding/oxidation buffer to reach its biologically active 3-D structure. In a classical oxidative buffer (e.g. air-exposed 0.2 M Tris/HCl buffer, pH 8.3), oxidation of MTX in vitro has a slow time scale, which allows for a detailed kinetic analysis of its incremental reticulation [9, 10] . In previous studies, we were able to monitor the sequential formation of each MTX oxidation intermediates, from the less (1 disulphide-bridged MTX species) to the most oxidised form (native-like, 4
disulfide-bridged MTX) [9, 10] . This was achieved by iodoacetamide alkylation of free cysteine residues (not engaged in disulphide bridges) of the reduced form and oxidation intermediates of MTX. This treatment allowed one to discriminate between the various MTX oxidation intermediates using mass spectrometry (MS) analysis.
Various parameters were evaluated such as temperature, pH, ionic strength, redox potential, presence or not of some enzymes (protein disulphide isomerase (PDI)
or peptidylprolyl cis-trans isomerase (PPIase)), that all affected to some extent MTX folding and oxidation. The best experimental conditions allowed for the formation of 100% of four-disulphide-bridged MTX in ca. 10 h and relied on the combined use of PDI and PPIase [9] . Addition of PPIase to the oxidation buffer was found to be particularly relevant to favour isomerisation between the cis and trans configurations of prolyl imidic peptide bonds; a rate limiting step in protein folding [11, 12] . In From previous data, one may suggest the existence of a complex interplay between folding and oxidation of MTX, which was evidenced during the progressive acquisition of its stabilised secondary structures and disulphide bridges. In particular,
the helical structure appears at the same time than the one disulphide-bridged species 6 of MTX, whereas the β-sheet structure appears later on when the two-or threedisulphide-bridged MTX intermediates are detected [10] . With the aim of accelerating the process of MTX oxidative folding, we searched for an agent that has the capability to speed up peptide folding and oxidation, such as a redox-active metal. Because copper ions easily cycle between Cu 2+ and Cu + , copper complexes could participate in non-enzymatic redox processes. Indeed, copper behaves as a potent oxidant of thiol groups [13] and is beneficial for both protein folding [14] [15] [16] [17] [18] [19] and oxidation [13, 20] .
We therefore investigated the potential effects of copper ions on the oxidative folding of reduced MTX in vitro. Since both processes of folding and oxidation of MTX are linked, addition of copper ions in the oxidation milieu is expected to increase the rate of formation of highly reticulated MTX species. proportions between oxidized and reduced MTX species was demonstrated using control samples in which mixtures of known quantities of purified peptides were preformed (see [9] ).
Materials and Methods

Materials
Results and Discussion
Analysis by MALDI-TOF MS of the oxidation process of reduced MTX in vitro
The reduced MTX was obtained by solid-phase peptide synthesis using Fmoc/t-butyl chemistry [9, 21] . After cleavage from the solid support, the reduced MTX was purified to homogeneity (> 99%) by means of C18 phase-reversed HPLC in acidic conditions (pH 2.5) to prevent oxidation. previously demonstrated that it could be used to quantify properly the various MTX species [9, 10] . The kinetics of disappearance of reduced MTX and appearance of the oxidized MTX intermediates, including the fully oxidized form, were followed over time by MS analysis after alkylation of the remaining free thiol groups. As shown in Figure 1 , reduced MTX disappears within 10 h of folding/oxidation to convert to oxidised species. The one-, two-, three-and four-disulphide bridged MTX species appear sequentially over time from the least (intermediates with one disulphide bridge) to the most oxidised species (native-like, four-disulphide-bridged MTX).
Maximal productions of these MTX intermediates are 2.5 h (one-disulphide-bridged), 4.5 h (two-disulphide-bridged), 11 h (three-disulphide-bridged) and 65 h (fourdisulphide-bridged). Of note, plateaux of disappearances (two-and three-disulphidebridged MTX) and appearance (four-disulphide-bridged MTX) of oxidation intermediates are observed. As previously demonstrated, these plateaux correspond to the rate-limiting isomerisation from cis to trans of p eptidylprolyl bonds [9] .
Noteworthy, all reduced molecules are converted to the fully oxidised, native-like, bioactive form of MTX at the end of the oxidation process.
Effect of copper ions on the kinetics of oxidation of reduced MTX in vitro
Copper ions (Cu 2+ ) have been described to markedly speed up the oxidative folding of peptides [13] [14] [15] [16] [17] [18] [19] [20] . When they are added (at 10 mM concentration) to the oxidation buffer, the kinetics of oxidative folding is dramatically increased (Figure 2 ).
The process is so fast that we were unable to monitor the disappearance of reduced MTX, as well as the appearance and disappearance of the one-and two-disulphidebridged MTX species. This suggests that these oxidation intermediates have very short half-lives. Indeed, the reduced MTX apparently evolves directly towards either three-disulphide-bridged intermediate(s) (12%) or the four-disulphide-bridged, nativelike, MTX (88%). A maximal production of these two species is obtained in ca. 30 min in vitro, indicating that the addition of copper ions increases the kinetics of oxidation by a factor of 22-(three-disulphide-bridged MTX) to 130-fold (fully oxidised MTX). These plateaux of three-and four-disulphide-bridged MTX species remain stable up to 80 h. Therefore, no interconversion between both species could be detected. Interestingly, the plateau level (12%) of the three-disulphide-bridged MTX in the presence of copper ions is identical to the long-lasting plateau level observed in the absence of copper ions (Figure 1 ). This is coherent with the cis configuration of Xaa-Pro bonds, which represents ca. 10% of the total Xaa-Pro bonds in proteins [22] .
Although copper ions dramatically increase the kinetics of MTX oxidative folding, one drawback of its use appears to be the apparent lack of full interconversion of 12%
of the three-disulfide-bridged species towards the final MTX product.
Characterisation of the four-disulphide-bridged MTX reveals that it is indistinguishable from its native counterpart both in the absence or presence of copper ions (data not shown).
Concluding remarks
Oxidation of reduced MTX is intimately linked to its folding. In other terms, the correct connection pattern between half-cystine residues requires also the proper folding of MTX, in this case the acquisition of its helical and β-sheet structures that form an α/β-scaffold. It would be expected that if folding occurs rapidly with the adequate positioning of toxin secondary structures, then the oxidation process would also proceed rapidly, allowing the final native fold to be stabilised early. However, the folding/oxidation pathway is probably more complex and it is likely that the peptide undergoes a series of "trial/error" steps by following a downhill favourable energetic slope (the low-energy conformation being favoured). Also, some of the 
